Newcastle disease virus (NDV) production by individual chick embryo cells was determined after infection of monolayer cultures, trypsinization and distribution of the ceils into a large number of test tubes so that each tube would contain an average of one cell (or in some experiments IO cells). The content of each tube was assayed for p.f.u. I8 h later. The statistical analysis of the results indicates the presence of at least three distinct populations of cells with regard to NDV production: one non-producing population (5o to 90 ~o of the cells); one low-producing population (80 ~o of the producing cells) and one high-producing (20 ~ of the producing cells).
INTRODUCTION
In the previous work (Huppert, Gresland & Rosenbergova, 1974) we have described a striking difference between chick embryo cells (CEC) and chick chorioallantoic membranes (CAM) with regard to the production of infectious NDV and to the synthesis of virus RNA. The CEC gave final yields of 2 to Io p.flu, of NDV per cell, whereas the CAM produced 8o to 200 p.f.u, per cell. In these experiments the virus yield was calculated by dividing the number of p.f.u, found in the supernatant fluid (or in the supernatant fluid and in the disrupted cells) by the number of cells in the culture; it represented the average production of virus by a large cell population. The question, therefore, was whether the cultivated CEC are a homogeneous population of cells, each producing few NDV particles, or whether they are a mixture, composed of a great number of non-producing cells plus a few which are high level producers.
Established chicken cell lines do not exist, and cloning of chicken cells is very difficult. We have, therefore, infected the CEC in monolayer cultures and then isolated individual cells and assayed these cells for virus release.
The results have been submitted to a statistical analysis and are presented here.
METHODS
The virus stocks (NDV, Kansas Loevenhorst strain) and media, the preparation of CEC cultures and the assay for p.f.u, as well as the growth cycle of the virus have been previously described (Huppert et al. I974) -Several primary monolayer cultures of CEC grown in plasti~ Petri dishes (Falcon) were infected with NDV and incubated for I h at 37 °C. Then the medium was removed, the monolayers were washed 5 times with warm PBS and the cultures either covered with fresh medium (controls) or trypsinized. The suspended trypsinized cells were counted, then a part of the suspension was reseeded on Petri dishes at 2 x io s cells per dish (trypsinized control) and another part was diluted with complete medium (containing 2 ~o calf serum and 2 ~ tryptose phosphate broth) to give a final concentration of IO cells/ml or of I cell/ml. These dilutions were distributed, I ml per tube, into test tubes previously equilibrated with a mixture of air and 8 ~o COs.
After 15 h incubation at 37 °C (in an atmosphere of air -8 ~ CO2) the contents of each tube was poured on a separate plate containing a monolayer of CEC. After 3 h incubation at 37 °C, with occasional shaking, the monolayers were covered with medium containing agar and plaques were counted after 3 days of further incubation.
Samples of the medium from infected control cultures were assayed for p.f.u., first immediately after washing, to evaluate the residual unadsorbed virus, and then after 15 h at 37 °C, to calculate the average production of new infectious virus. No difference was found in the yield from trypsinized and non-trypsinized controls, which indicates that the procedure employed to disperse the cells did not disturb NDV replication.
It is always more difficult to insure that the cells were correctly distributed and that no clumping occurred during the distribution. However, this seems unlikely in view of the following experiment: the contents of 8o wells of a Falcon micro test II plaque, supposed to contain I cell/well, and of 2o wells, supposed to contain I o cells]well, were checked by direct observation under the microscope. In wells containing ten cells, several isolated cells could be identified, whereas in wells supposed to contain one cell, never more than one or two cells were seen. A single cell in relatively large field can easily escape microscopic observation, therefore it was not possible to verify absolutely the Poisson distribution of cells per well by counting the number of empty wells. In no case were clumps observed.
RESULTS
Several separate experiments using cells infected with 5 p.f.u, of NDV per cell have been performed. In each experiment the infected cells have been distributed into tubes at a calculated number of ceils (v) per tube of v = I or v = Io and the production of virus in each tube was assayed. The expected yield of infectious virus produced per cell, #, was calculated from the corresponding controls consisting of monolayer cultures. The average production of NDV in the controls was 5 p.f.u, per cell, however in some experiments lower or higher values were observed. These variations appeared to depend on the cell density at the time of infection, and sometimes on the condition of the embryo. Table I shows the results of three experiments with different average production per cell. It should be noted that the average yield of virus produced by the total of the individual tubes in any given experiment corresponded well with the average yield from the control cultures.
In order to determine the kind of distribution of virus production per tube which could fit the data we assumed that the number of cells per tube followed a Poisson distribution with parameter v. To estimate the number of virus particles produced per cell we tried successively three models of increasing complexity. In model I, it was assumed that the number of virus particles per cell followed a Poisson distribution. It was possible to reject this model by comparing the observed proportion of negative tubes to its theoretical value. This was also the case for model 2 in which it was assumed that only a proportion, p, of the cells produced viruses according to a Poisson distribution per producing cell. The next possible J. HUPPERT, L. GRESLAND AND PH. LAZAR assumption had to admit the existence of distinct classes of cells. In model 3, three such classes were considered: non-producing, low-producing and high-producing cells. The difficulty in testing this model was being able to distinguish tubes which contained one cell from those which contained more than one, and therefore the possibility existed of confusing a tube containing one high-producing cell with a tube containing several low-producing cells. (In models I and 2 this difficulty was avoided by assuming a Poisson distribution of viruses.) The relative trimodality of the total distribution of the number of viruses produced led us to assume that the yields from I to 9 p.f.u, corresponded to one low-producing cell, that those in the range of Io to 19 p.f.u, to more than one such cell; and that the yields over I9 p.f.u, corresponded to one high-producing cell when v = I and several cells when v = Io.
All these assumptions may be criticized but they are not unlikely. Table 2 shows the ' probably observed' figures for the number of tubes containing zero, one, or more than one producing cell, and the corresponding values calculated according to a Poisson distribution with the parameters v and p. There is clearly a good agreement between the 'probably observed' and the calculated figures. On the basis of this model it is also possible to estimate the values of p, that is, the proportion of producing cells. This proportion is o'4 in expt. I ; o'3 in expt. 2 and o.I in expt. 3.
The relative proportion of low-and high-producing cells appears similar in the three experiments and may be roughly estimated as respectively o-8 and o-2 of the producing cells.
In the preceding experiments we used primary cultures made from trypsinized whole embryos; therefore we thought first that the observed heterogeneity in virus production may correspond to cells of different origin. As generally during sub-cultivation fibroblasts outgrow other cells in a cell-mixture, we repeated our experiments using CEC propagated in vitro for various numbers of cell generations, expecting to find a change in the ratio of NDV non-producing to NDV producing cells. Table 3 shows that this was not the case: the distribution of virus p.f.u, produced per tube was similar whether primary, secondary or tertiary CEC were used.
In another series of experiments, I I-day-old embryos were dissected and cells prepared separately from the skin, the brain, the content of the thorax and the content of the abdomen. The results have shown some variations in the average yield of NDV in the different cells, the extreme values being i to I'5 p.f.u, per cell from the skin and 8 to lO p.f.u, per cell from the organs in the abdomen. The ratio of non-producing to producing cells was between o'78 and o-88, rather constant and similar to that found in cultures from whole embryos. The proportion of producing cells giving high yields of virus was o.I to o.2, again similar to that in whole embryos. No virus multiplication took place in erythrocytes which were also isolated. In order to verify that the observed heterogeneity was not due to a selection of some more virulent virus variants, the following experiment was performed: NDV from a single tube containing one cell giving a high yield was inoculated into an egg. The progeny virus from the chorioallantoic fluid was used for infection of CEC and the production of p.f.u, by individual cells was studied as before. The proportion of non-producing cells and of those producing high yields was exactly the same as that observed with the original, uncloned virus inoculum. Finally similar experiments were performed with a homogeneous cell population of non-chicken origin. The MDBK established bovine kidney cell line (Choppin, 1969) supports NDV replication with relatively good average yields of 25 to 3o p.f.u, per cell. These cells could not be dispersed perfectly by trypsinization. A suspension contained 2o VIR 2 3 (0-5 %).
When virus production by the individual cells was studied, the number of tubes not containing virus followed the Poisson distribution of cells per tube. Only 8 to IO ~ of the cells produced less than the expected average, whereas the number of tubes with high yield was in agreement with the expected number of tubes containing several cells. The results were similar with cloned or uncloned NDV and with recloned or not MDBK cells. Therefore these cells seem to be homogeneous with regard to NDV replication.
DISCUSSION
In all our experiments, those shown in Tables I and 3 and in many others not reported here, we have observed a wide spread in the amount of NDV (p.f.u.) produced by individual chick embryo cells. It is unlikely that this variation was due to irregularities in the virus growth-cycle with subsequent thermal inactivation of the early released virus particles. The strain of NDV we used loses only about lO ~ of its infectivity per 24 h at 37 °C and the progeny virus particles are completely released from the CEC (in monolayers) into the medium at 14 h post-infection (Huppert et al. 1974) . It is difficult to be sure that each individual cell had survived in the test-tubes. However, the fact that in every experiment the average yield of virus per cell was similar in controls kept as monolayers, in controls where the dispersed infected cells were reseeded as monolayers, and in the total of the experimental tubes containing the isolated cells, strongly indicates that the virus production appears to be independent of the treatment applied to cells and that cell mortality, if any, cannot account for the observed variations.
The statistical analysis of the experimental data is in favour of an interpretation that the CEC are not homogeneous in regard to NDV production and that they seem to be composed of at least three distinct populations: one non-producing population (6o to 9o ~ of the cells, according to the experiment), one low-producing population and one high-producing population (respectively about 80 ~ and 2o ~o of the producing cells). Naturally, other statistical models could also be built to fit the data, however they would have to be still more sophisticated.
The heterogeneity of cells in culture with regard to virus infection raises several interesting questions. The first is: what do the different populations of chicken cells represent? The apparent hypothesis that they represent cells of different embryonic origin was not supported by the results of experiments using either different parts of the embryo to establish the cultures, or cells from cultures in which several generations in vitro should have increased the relative proportion of fibroblasts. However, it cannot be ruled out definitely until a procedure for identifying chicken cells by cloning or at least by cytochemical analysis is developed. An alternative hypothesis could be that the variation in the yield of NDV from individual cells reflects different stages of the cellular growth-cycle at the time of infection. We are presently testing this hypothesis by the use of cell-cultures synchronized prior to infection.
Another important question is whether the phenomenon exists only in the case of chicken embryo cells and NDV or whether other cells infected with NDV or even more generally other cells infected by other viruses would present a similar heterogeneity ? The experiments using MDBK cells suggest that at least this established cell line does not show such heterogeneity.
In any case, our finding that chick embryo cells in culture are heterogeneous with regard to NDV multiplication should be borne in mind when interpreting experiments using these cells, whatever further development of such studies in other cell-virus systems will show. A somewhat similar finding was recently mentioned by Dales & Hanafusa 0972) who found by studying the infection of chicken fibroblasts with Rous sarcoma virus with the electron microscope, that a small proportion of the cells contained much larger amounts of virus than the average population.
